Introduction
Simulated ischaemia (SI) is said to exist when a tissue is exposed to a solution whose composition resembles that found in regions of ischaemia. In SI of cardiac muscle in vitro, conduction velocity (CV) of action potentials is reduced, as are both action potential duration and refractory periods (Ferrier et al., 1985; Northover, 1987) . These changes probably constitute the electrical basis for at least some of the disturbances of rhythm that characterize myocardial ischaemia in vivo (Northover, 1986) . Pretreatment with sulphinpyrazone protects the myocardium against these electrical changes (Northover, 1987) . It was of interest to discover whether sulphinpyrazone also protects the myocardium against the structural and mechanical changes produced by SI and whether other non-steroidal anti-inflammatory agents share these properties. In view of the association between calcium overload and myocardial injury (Hearse et al., 1977;  Wojtczak, 1979; Koomen et al., 1983; Cavero et al., 1983; Fitzpatrick & Karmazyn, 1984; Karmazyn, 1986) , the association between calcium ions and SI was also investigated.
Methods
Rats of the Sprague-Dawley strain weighing 340-480g were killed by a blow to the head. The heart was removed quickly, the atria separated from the ventricles and the former attached with their endocardial surface upwards to the base of a superfusion trough maintained at 34WC. The muscle was exposed, unless specified otherwise, to a normal superfusate (NS) 
Structural changes
At the end of a period of experimental treatment in vitro the right atrium was fixed for 3 h at 4°C in a 3% solution of glutaraldehyde in potassium oxalate buffer (90mM, pH 7.4) and post-fixed at 40C for 3 h in a 1% solution of osmium tetroxide in potassium acetate buffer (0.1 M, pH 7.4). Specimens were then dehydrated through graded concentrations of ethanol and embedded in Spurr medium. Both longitudinally and transversely cut fibres were examined with a Corinth 275 electron microscope. Fifty micrographs were taken at x 8000 magnification from each of 3 or 4 atria per treatment group. To ensure adequate sampling one micrograph was taken routinely from each corner of each specimen-containing grid square. Each micrograph was scored for visible damage by two independent observers without knowledge of the treatment group from which the muscle had been derived. A score of 0, 1, 2 or 3 was awarded by each observer for the degree of mitochondrial injury in the manner described by Kloner et al. (1978 Kloner et al. ( , 1982 , and as illustrated in Figure 1 .
Simulated ischaemia
At the start of each experiment the atria were allowed to equilibrate in NS for 1 h, at which time control values for refractory periods and CV were determined. The superfusate was then changed to one of abnormal composition, simulating the extracellular fluid of ischaemic muscle, as suggested by Ferrier et al. (1985) . This fluid contained KCl 7mM and sodium lactate 20 mm, was made up without added glucose, and had a pH of 6.4 produced by reduction of the NaHCO3 concentration to 4mM. Figure 1 Electron micrographs of rat atrium: (a) shows the tight packing of the mitochondria between the myofibrils. Note that adjacent mitochondria show slightly varying degrees of injury. In (b) the mitochondria score = 0, with long and thin profiles and regularly arranged cristae. In (c) the mitochondrial score = 1, with some signs of swelling, and with cristae less well organised than in (b). In (d) the mitochondrial score = 2, with greater swelling and rounding-up than in (b) or (c), and with the cristae less organised than in (c). In (e) the mitochondrial score = 3, on account of gross swelling with signs of membrane disruption. The bar represents 1 ym. 
Statistics
Continuous variables were expressed as means + s.e. Means for different treatment groups were compared by Student's t test. Mitochondrial damage scores were expressed as medians. Median values for different treatment groups were compared using a x2 test.
Results

Simulated ischaemia
Exposure of the myocardium to SI produced a pattern of electrical changes similar to that described previously (Northover, 1987) . There was a progressive slowing of CV and a shortening of both action potential duration and refractory periods. The shortened action potential duration contributes to, but does not fully account for, the shortened refractory period, as discussed more fully in a previous paper from this laboratory (Northover, 1987) . Shortening of refractory periods was most marked 12-15 min after the beginning of SI. Thereafter refractory periods slowly increased again, although action potential duration showed no tendency to relengthen. Return of the myocardium to NS after 20-60min in SI fully restored all measured electrical parameters to approximately their starting values within 30-40 min.
Exposure of the myocardium to SI also caused the disappearance of all systolic developed tension within 5min. Diastolic tension rose to a maximum within 15-20min ( Figure 2 ). Continued exposure to SI for up to 60 min caused the contracture tension to fade slightly. Return of the myocardium to NS after 15-60min of exposure to SI fully restored diastolic tension to its starting value of 100mg within approximately 30min, by which time systolic developed tension also had recovered to 85-120% of its value in NS immediately prior to SI (Figure 2 (Tables 1 and 2) . However, at a concentration of 10 pM TMB8 caused a negative inotropic effect in NS and even more protection against the deleterious effects of SI.
Non-steroidal anti-inflammatory agents
The presence of sulphinpyrazone during SI substantially protected the atria against shortening of refractory periods and slowing of CV (Figure 3) . In contrast, flufenamate, salicylate and phenylbutazone all potentiated the electrical effects of SI (Figure 3) , whereas ibuprofen, flurbiprofen and GP25671, the thioether metabolite of sulphinpyrazone, had no statistically significant effect (Figure 3) (Figure 3) . In contrast, salicylate, flufenamate and phenylbutazone all potentiated SI-induced contracture and impeded subsequent recovery in NS (Figure 3) . Ibuprofen, flurbiprofen and GP25671 were virtually inactive in these respects (Figure 3) . None of these non-steroidal anti-inflammatory drugs exerted a significant effect on systolic or diastolic tension during exposure to NS for 15min in the range of concentrations tested. The SI-induced changes in mitochondrial structure were significantly alleviated by pretreatment with sulphinpyrazone (Table 1) . Pretreatment with flufenamate, on the other hand, significantly aggravated the structural changes produced by exposure to SI for 20min (Table 1 ).
DijSCUS;on
The deleterious changes in the electrical, mechanical and structural features of atrial muscle observed in the present study in response to SI agree with many of the features observed by previous workers during ischaemia or hypoxia in vivo. Most previous studies of this subject, however, have used ventricular muscle, where the deleterious changes are much less fully reversible (Penn, 1970; Karmazyn et al., 1981; Rahamathulla et al., 1983; (0) and GP25671 (0) on ERP, CV and diastolic tension of atria exposed to SI for 15 min (panels a, c and e), or to SI for 15 min followed by return to NS for 10min (panels b and d). Vertical bars on control values represent s.e., but have been omitted from other data points for visual clarity. Each data point represents the mean of 9-25 observations. An asterisk denotes that there is a significant difference (P < 0.05) between a value and the drug-free control. Lipasti et al., 1985; Singal et al., 1986) . Further elucidation of the basis for the atypically reversible features of this form of injury in the rat atrium would be valuable. The association between calcium overload and myocardial injury (see Introduction) was explored in the present experiments with drugs known to alter intracellular calcium homeostasis. Diltiazem and verapamil were shown to protect against all aspects of the response to SI. Previous workers have shown that these agents protect ventricular muscle against ischaemia-induced and hypoxia-induced shortening of refractory periods and slowing of CV (Elharrar et al., 1977; Nakaya et al., 1980; Fujimoto et al., 1981; Kimura et al., 1982; 1983; Peter et al., 1982; 1983; Gettes et al., 1985; Fleet et al., 1986) , against the associated contracture (Henry et al., 1977; Poole-Wilson et al., 1982; 1984; Cavero et al., 1983; Fitzpatrick & Karmazyn, 1984; Henry, 1984; Ferrari et al., 1986; Piacenza et al., 1986) , and against the mitochondrial structural alterations (Rahamathulla et al., 1983) . In the present experiments, verapamil and diltiazem protected the atria only at concentrations which exerted a negative inotropic effect in NS. Protection may have been due, therefore, solely to conservation of the stores of high energy phosphate compounds. A similar uncertainty was faced by most previous workers. Henry (1984) , however, demonstrated that 1 FM diltiazem protected non-contracting papillary muscles against hypoxic contracture. It seems likely, therefore, that in addition to energy-sparing actions, these drugs also directly protect the injured myocyte. Whether this is by reducing the availability of intracellular calcium or by some other action remains to be determined.
The calmodulin antagonist W7 (Hidaka & Tanaka, 1982) inhibited some of the SI-induced changes in the atrial myocardium in the present experiments, suggesting an involvement of calcium and calmodulin in this form of injury. Unfortunately, protection against the electrical and mechanical consequences of SI was observed here only at negatively inotropic concentrations. An unchlorinated analogue of W7 called W5, with much less potency as a calmodulin inhibitor (Hidaka & Tanaka, 1982) , was inactive in the present experiments. Previous workers have obtained evidence for calmodulin involvement in some of the electrical responses to myocardial ischaemia and hypoxia (Anno et al., 1986; Barron et al., 1986) , although no previous report has been found for an action of W7 on ischaemic or hypoxic contracture. The failure of W7 to protect mitochondria in the present experiments suggests that calmodulin is not involved in that particular aspect of the response to SI. Phenothiazine inhibitors of calmodulin also protect the sarcolemma of tissue-cultured hypoxic cardiac myocytes without visible protection of the mitochondria (Scott et al., 1986) .
Further evidence for involvement of calcium in the response of atrial muscle to SI was obtained by lowering the calcium concentration of the superfusate to 0.5 mm. This decreased systolic developed tension and prolonged refractory periods in NS, without altering CV. Exposure of atria to SI at a calcium concentration of 0.5 mm caused less contracture, and less shortening of refractory periods and slowing of CV than at 2 mm CaCl2. This confirms previous findings in ventricular muscle (Hearse et al., 1977; Wojtczak, 1979; Cavero et al., 1983; Koomen et al., 1983; Fitzpatrick & Karmazyn, 1984; Anno et al., 1986; Karmazyn, 1986) , although contrary findings have also been published (Nayler & Williams, 1978; Lewis et al., 1979) . Why mitochondria were not protected structurally against SI at 0.5 mm calcium in the present experiments is unknown, but has been reported previously for ventricular muscle in vivo (Jennings et al., 1985a; Pilati & Paradise, 1984) .
Addition of the ionophore A23187 to NS in the present experiments shortened refractory periods, slowed CV and increased systolic developed tension. In the presence of the ionophore there was greater shortening of refractory periods during SI, greater slowing of CV, and greater contracture development. The positive inotropic effect of A23187 has been reported previously (Holland et al., 1975; and probably reflects a raised concentration of intracellular calcium, which would be expected to augment that due to SI.
TMB8 not only inhibits the release of intracellular stored calcium (Chiou & Malagodi, 1975; Mix et al., 1984) , but also seems to inhibit some of the intracellular actions of calcium (Hassid & Oudinet, 1986) . Although TMB8 exerts negative inotropic effects on the rat atrium, it protected against all three aspects of the response to SI at 2,uM, which was below the concentration required for a significant negative inotropic action. This provides further evidence that intracellular calcium is involved in a direct way with the response to SI.
Non-steroidal anti-inflammatory drugs are a group of pharmacologically heterogeneous agents. Sulphinpyrazone, unlike some other members of the group that was tested, protected the myocardium against SI in terms of electrical, mechanical and structural changes. The protective effect of this drug against disturbances of cardiac rhythm is now well established (Raeder et al., 1982; Northover, 1986; Eller et al., 1987) and Karmazyn et al. (1981) have demonstrated its ability to protect rat ventricular myocardium against hypoxic contracture. Flufenamate, salicylate and phenylbutazone potentiated the electrical, mechanical and structural injury caused by SI in the present experiments. The reason why they exerted opposite effects to those of sulphinpyrazone is unknown at present, although previous workers have noticed variable effects on hypoxic contractures among different members of this group of drugs (Karmazyn et al., 1981; Karmazyn, 1986 ).
The thioether metabolite of sulphinpyrazone, GP25671, was inactive in the present experiments at concentrations where the parent drug was protective. This metabolite is 10-20 times more potent than sulphinpyrazone as a cyclo-oxygenase inhibitor (Del Maschio et al., 1984) and possesses the additional property of antagonizing the action of thromboxanemimetics, at least in platelets (Hatmi et al., 1987) . This suggests that arachidonic acid metabolites are not involved in the protective effects of sulphinpyrazone observed under the present experimental conditions, nor under those used by Eller et al. (1987) , where again the thioether metabolite was inactive against ischaemia-induced decline in the ventricular fibrillation threshold, although sulphinpyrazone was effective.
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